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Evaluation of robotic endovascular catheters for
arch vessel cannulation
Celia V. Riga, MBBS, MRCS,a,b Colin D. Bicknell, MD, FRCS,a,b Mohamad S. Hamady, FRCR,a and
Nicholas J. W. Cheshire, MD, FRCS,a,b London, United Kingdom
Objective: Conventional catheter instability and embolization risk limits the adoption of endovascular therapy in patients
with challenging arch anatomy. This study investigated whether arch vessel cannulation can be enhanced by a remotely
steerable robotic catheter system.
Methods: Seventeen clinicians with varying endovascular experience cannulated all arch vessels within two computed
tomography-reconstructed pulsatile flow phantoms (bovine type I and type III aortic arches), under fluoroscopic
guidance, using conventional and robotic techniques. Quantitative (catheterization times, catheter tip movements, vessel
wall hits, catheter deflection) and qualitative metrics (Imperial College Complex Endovascular Cannulation Scoring Tool
[IC3ST]) performance scores were compared.
Results: Robotic catheterization techniques resulted in a significant reduction in median carotid artery cannulation times
and the median number of catheter tip movements for all vessels. Vessel wall contact with the aortic arch wall was reduced
to a median of zero with robotic catheters. During stiff guidewire exchanges, robotic catheters maintained stability with
zero deflection, independent of the distance the catheter was introduced into the carotid vessels. Overall IC3ST
performance scores (interquartile range) were significantly improved using the robotic system: Type I arch score was
26/35 (20-30.8) vs 33/35 (31-34; P .001), and type III arch score was 20.5/35 (16.5-28.5) vs 26.5/35 (23.5-28.8;
P  .001). Low- and medium-volume interventionalists demonstrated an improvement in performance with robotic
cannulation techniques. The high-volume intervention group did not show statistically significant improvement, but
cannulation times, movements, and vessel wall hits were significantly reduced.
Conclusion: Robotic technology has the potential to reduce the time, risk of embolization and catheter dislodgement,
radiation exposure, and the manual skill required for carotid and arch vessel cannulation, while improving overall
performance scores. ( J Vasc Surg 2011;54:799-809.)
Clinical Relevance: Cerebral embolic events and the risk of stroke constitute the most challenging problem in advanced
endovascular interventions in the aortic arch. A novel, remotely steerable robotic catheter system has the potential to
reduce the time, embolization risk, radiation exposure, and the manual skill required for carotid and arch vessel
cannulation, while improving overall operator performance scores.
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cStroke is the third leading cause of death and the
leading cause of serious, long-term disability; approxi-
mately 15 million people will sustain a stroke worldwide
each year.1 Carotid artery stenting (CAS) has emerged as a
less invasive treatment than carotid endarterectomy (CEA)
and has attracted much controversy in the last decade. Data
from isolated experienced centers, registries, and a random-
ized controlled trial (RCT) indicate that CAS can be as
effective as CEA in the prevention of ipsilateral stroke.2-7
All other RCTs, however, including the recent Caro-
tid Revascularization Endarterectomy vs Stenting Trial
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doi:10.1016/j.jvs.2011.03.218CREST)—the largest RCT to date—have demonstrated
nferior results for CAS compared with CEA for symptom-
tic disease.8-13 Compared with the surgical approach, the
ndovascular procedure is associated with a significant ce-
ebral embolic burden.14 The excess risk of periprocedural
eurologic complications observed in complex endovascu-
ar intervention in the arch, as seen in CAS, seems to be
ultifactorial; any feature that increases the potential for
rolonged catheter and guidewire manipulation in the aor-
ic arch, such as vessel tortuosity and angulation, complex
ortic arch anatomy (bovine or type III arch variants),
imited device technology, and operator experience may
ncrease the risk of procedural embolization.15-18 To im-
rove clinical outcomes by reducing cerebral embolization
isk, these factors must be targeted.
Efficient and stable sheath placement in the common
arotid artery (CCA) is a crucial determinant of technical
uccess to avoid significant embolization from the aortic
rch and CCA as well as to ensure a stable platform for the
ntroduction of endovascular tools into the internal carotid
rtery (ICA). This study investigated whether arch vessel
annulation can be enhanced by a remotely steerable ro-
otic catheter system. The study compared robotic and
onventional catheters with respect to time and accuracy of
essel cannulation, potential risk of embolization, catheter
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September 2011800 Riga et alstability, and overall operator performance in pulsatile sili-
cone phantoms.
METHODS
The robotic system. The Sensei System (Hansen
Medical, Mountain View, Calif) has been previously de-
scribed in a number of publications19-21 (Fig 1). In brief, it
is a remotely steerable catheter system controlled via a
“master–slave” electromechanical mechanism. The robotic
catheter consists of a flexible, multidirectional inner guide
(11F outer diameter, 8.5F inner diameter) with a 270°
bend radius, inside a unidirectional outer guide sheath
(14F outer diameter, 11F inner diameter). Standard endo-
vascular tools can be inserted through its lumen.
The robotic catheter connects to the remote catheter
manipulator, a robotic arm located at the patients’ bedside,
which receives catheter position commands from the mas-
ter input device at the remote workstation, which is away
from the radiation source. The operator is seated and
controls the robotic catheter via a 3-dimensional (3D)
hand-operated joystick with 7 degrees of freedom. The
workstation console displays imaging and catheter tip
force–sensing feedback data, along with a superimposed
virtual image of the guide catheter with vectors for planar
orientation and navigation.
Study protocol. To assess the efficacy of this robotic
system in arch vessel cannulation, two silicone-based, trans-
parent, computed tomography (CT) reconstructed anthro-
pomorphic phantoms (Elastrat Sàrl, Geneva, Switzerland,
Fig 2) were used, representing a type I aortic arch with
bovine configuration of the left common carotid artery
(LCCA) and a type III aortic arch.
The phantoms were filled with a blood-mimicking
Fig 1. The Hansen robotic catheter system is shown, with the
operator navigating remotely in an in vivo aortic arch model.water-glycerol mixture (60:40 by volume concentration) mnd circulated using a pulsatile blood pump that provides
hysiologically realistic blood flow waveforms (Fig 3). Arch
essel caliber varied between 6 and 7 mm in diameter.
The study recruited 17 operators (nine vascular sur-
eons, seven interventional radiologists, and one cardiolo-
ist) of varying endovascular experience. Each operator was
sked to cannulate the left subclavian artery (LSA), LCAA,
ight subclavian artery (RSA), and right common carotid
rtery (RCCA) of the type I arch phantom, under fluoro-
copic guidance, using conventional and robotic tech-
iques. Operators were randomly assigned to conventional
r robotic techniques as the first procedure undertaken.
he operators then repeated the task in the more angulated
ype III aortic arch model.
All operators underwent a short, standardized didactic
eaching session on the robotic system before commencing
he study, followed by a practical demonstration and training
ession. Passive intraprocedural support was provided by an
ssistant and a radiographer. Appropriate endovascular tools
ere available, including wires and a range of 10 conventional
F to 5F shaped catheters. All procedures were performed in
he angiography suite and recorded for blinded video assess-
ent of quantitative and qualitative metrics.
uantitative metrics data collection
Ease of vessel cannulation.
Time. Arch vessel cannulation times from the point the
atheter entered the distal part of the descending aorta was
easured in minutes using a stopwatch. Vessel cannulation
as considered satisfactory when the catheter followed the
ire at least 3 cm into the target vessel. For those operators
ho were unable to catheterize the vessel in this manner, the
nd time to vessel access with a wire was recorded but was not
ncluded in the cannulation time results.
Movements. The absolute number of translational (lin-
ar displacement along a trajectory path) and rotational
circular displacement around a center axis) movements at
he wire/catheter tip was counted in a binary fashion by
wo independent observers using blinded-video recordings
isplaying 2D fluoroscopic data.
Embolization risk.
Wall hits. The number of times the catheter tip came
nto contact with the vessel wall at the ostium of the CCA
nd at the aortic arch from the aortic valve to the LCCA
rigin was counted in a binary fashion by two blinded
ndependent observers using blinded-video recordings dis-
laying 2D fluoroscopic data showing the outline of the
ortic arch and the target vessels.
Stability. Mere arch vessel catheterization does not
ecessarily reflect technical success in complex endovascu-
ar intervention in the arch. Equally important is the ability
o advance stiff guidewires and other endovascular tools
hilst maintaining stability at target sites. To determine the
tability of the robotic catheter during stiff guidewire ex-
hanges, an adjunctive study was done the type I aortic arch
odel described above.
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Volume 54, Number 3 Riga et al 801One experienced operator cannulated the LCCA and
RCCA using standard Terumo wires (Terumo Medical
Corp, Somerset, NJ), which were then exchanged for
0.035-inch stiff guidewires under fluoroscopy, using ro-
botic and conventional catheters. Exchanges took place at
three distinct points, with the catheter-tip at 4 cm (point A), 2
cm (point B), and 0 cm (point C) from the carotid artery
ostium. Five commonly used conventional catheters were
tested. A total of 108 stiff-guidewire exchanges were recorded
for video assessment. Catheter tip deflection from each point
during guidewire exchanges (distance in cm) was measured in
a 2D plane using the recorded digital images.
Qualitative metrics
Operator experience and performance. The 17
study participants were divided into three groups, accord-
ing to their endovascular experience. Group A comprised
five operators who had performed 50 to 100 endovascular
procedures and had minimal experience with CAS (zero to
two procedures). Group B included six operators who had
performed 100 to 300 endovascular procedures and had
some experience with CAS (two to five procedures). Group
C consisted of six operators who had performed 300
endovascular procedures and had moderate-to-extensive
experience with CAS (five to 70) procedures.
Performance evaluation was done using procedure-
specific scoring for vessel cannulation, on a five-point scale,
with the Imperial College London Complex Cannulation
Scoring Tool (IC3ST). The domains tested are specific to
Fig 2. Radiographic images of the pulsatile silicon ph
configuration of the left common carotid artery and (b)vessel cannulation but also rate the performance as a whole. rhe IC3ST is derived from the generic Objective Struc-
ured Assessment of Technical Skill (OSATS) scale vali-
ated by the University of Toronto Centre for Research in
ducation22,23 as well as previously validated and reliable
rocedure-specific scoring systems used in endovascular
kills assessment24,25 and other medical domains.26,27 The
onstruct validity of this modified OSATS-derived rating
cale for target vessel cannulation has been previously
ested in an in vitro fenestrated stent graft model, demon-
trating significant differences in IC3ST scores between
perator groups of varying endovascular experience.19
The scale consists of seven domains, with each scoring
to 5, with 1 representing a poor performance, 3 repre-
enting a competent performance, and 5 representing an
xcellent performance. Descriptive comments for each
echnical domain are given at each of these anchoring
oints. Operators are graded on catheter use and manipu-
ation skills, instrumentation, embolization/dissection risk,
uccessful vessel cannulation, as well as overall time,
otion, and flow of the procedure. The minimum score for
echnical performance is 7. A score of 21 suggests compe-
ence, and 35 is the maximum attainable score: the higher
he score, the better the quality of performance. The mark-
ng sheet is shown in Fig 4. The qualitative performance
ating was done by two blinded vascular specialists experi-
nced in the use of rating scales.
Statistical analysis. Data analysis was done with SPSS
6.0 software (SPSS, Chicago, Ill). The nonparametric
istribution of the data necessitated the use of nonparamet-
ms representing (a) a type I aortic arch with bovine
e III aortic arch.antoic tests for significance. The Spearman rank test was used
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September 2011802 Riga et alto correlate quantitative metrics (time, movements, wall
hits) with qualitative metrics (operator performance). Me-
dian data are presented with the interquartile range (IQR).
A value of P  .05 was considered statistically significant.
Interobserver reliability for the blinded assessors was calcu-
lated with the Cronbach  test statistic.
RESULTS
Quantitative
Ease of vessel cannulation: time and accuracy.
Median arch vessel cannulation times. Two of 17
operators failed to cannulate the RCCA in the type III arch
using conventional catheters in a satisfactory manner, as
described in the “Methods,” with the catheter following
the wire at least 3 cm into the target vessel in a stable
position (Fig 5). For the remaining 15 operators, the
median (IQR) times (in minutes) for successful cannulation
of the carotid arteries were significantly reduced using the
robotic catheter system for both types of arches irrespective
of endovascular experience. Type I arch: LCCA, 2.70
(1.92-3.98) vs 0.80 (0.30-1.57; P  .001); and RCCA,
1.70 (1.20-3.35) vs 0.69 (0.44-0.99; P  .001). Type III
arch: LCCA, 3.78 (0.92-11.28) vs 1.02 (0.61-2.10; P 
.01); and RCCA, 6.2 (3.02-8.97) vs 1.81 (0.67-3.02; P 
.001).
The median (IQR) cannulation times (in minutes) for
the LSA in the type I arch were also significantly reduced:
Fig 3. The silicon phantoms were filled with a blood-mimicking
water-glycerol mixture (60:40 by volume concentration) that was
circulated using a pulsatile blood pump, providing physiologically
realistic blood flow waveforms.LSA 0.76 (0.34-0.88) vs 0.25 (0.18-0.31; P  .002). uMedian number of movements. The median (IQR)
umber of movements at the wire/catheter tip for individ-
al arch vessel cannulation was significantly reduced for all
essels with robotic catheterization techniques for both
ype I and type III arches (Fig 6). Type I arch: LSA, 18
14-31) vs 7 (6-10; P  .001; LCCA, 61 (51-165) vs 9
7-25; P .001); RSA, 22 (15-48) vs 11 (8-15 P .005);
nd RCCA, 48 (21-81) vs 9 (6-10; P  .001). Type III
rch: LSA, 24 (17-38) vs 7 (6-11; P  .001); LCCA, 89
45-284) vs 14 (12-21; P  .001); RSA, 69 (48-81) vs 31
16-42; P .003); and RCCA, 209 (124-335) vs 30 (9-38;
 .001). Cronbach  was calculated at 0.85 for interob-
erver reliability between observers, indicating a high de-
ree of agreement.
Embolization risk.
Wall hits. Vessel wall contact with the aortic arch wall
as reduced to a median of zero with robotic catheteriza-
ions (Fig 7). CCA ostium contact still took place but was
ignificantly reduced. Median (IQR) catheter tip vessel wall
its were type I arch: 2 (1.5-13) vs 0 (0-0l; P  .001) for
he aortic arch and 4.5 (3.5-11.3) vs 2 (1.5-3.5; P .001)
or the CCA origin; and type III arch: 13.8 (9.5-19) vs 0.5
0.3-1.5; P  .001) for the aortic arch and 9 (5-21.5) vs 5
4-9; P .04) for the CCA origin (interobserver reliability:
ronbach   0.82).
Stability. In 108 stiff guidewire exchanges studied,
obotic endovascular catheters maintained stability at target
ites with zero deflection during stiff guidewire exchanges,
ndependent of the distance the catheter was introduced
nto the carotid vessels (Fig 8). Median (IQR) conventional
atheter deflection (Fig 9) was:
● Point A: 0 cm (0-0), 4 cm into the carotid artery;
● Point B: 0 cm (0-4.5), 2 cm into the carotid artery,
with complete loss of access in 16.7% of cases; and
● Point C: 7 cm (1.3-9.8) at the carotid origin with
complete loss of access in 50% of cases.
No statistically significant differences between robotic
nd conventional catheters were observed for points A and
(P  .47). Robotic catheters, however, demonstrated
ncreased stability at point C at the CCA origin (P  .03).
ualitative
Correlation between qualitative and quantitative
etrics. The IC3ST scores showed inverse correlations
ith many of the quantitative metrics (times, movements,
all hits; Spearman rank test r; Table).
Overall operator performance. Overall IC3ST per-
ormance scores (IQR) were significantly improved using
he robotic system. Type I arch: 26/35 (20-30.8) vs 33/35
31-34; P  .001), and 15 of 17 operators (88.2%) im-
roved their scores using the robotic catheter system. Type
II arch: 20.5/35 (16.5-28.5) vs 26.5/35 (23.5-28.8; P
001), and 12 operators (70.6%) improved their scores
sing the robotic catheter system.
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Volume 54, Number 3 Riga et al 803Operator performance according to endovascular
experience. Low- and medium-volume interventionalists
(groups A and B) demonstrated an improvement in perfor-
mance with robotic cannulation techniques. The perfor-
mance improvement in the high-volume intervention
group (group C) was not statistically significant; however,
all operators obtained high scores irrespective of the can-
Fig 4. The Imperial College London Complex Cannula
performance is 7, and 35 is the maximum attainable s
appropriate catheter, recognize catheter unsuitability, use
torque the selected catheter with fine and controlled mov
dissection risk was assessed when looking at excessive forc
manipulation of the guiding catheter without support ofnulation method used and completed the task faster with che robotic system, with fewer movements and wall hits.
he results for operator performance are shown in Fig 10
or the type I arch and in Fig 11 for the type III arch.
ISCUSSION
One of the major concerns of advanced endovascular
coring Tool (IC3ST). The minimum score for technical
Operators were assessed on their ability to choose an
hosen catheter to its maximum advantage, and shape and
ts, as shown on the IC3ST scoring sheet. Embolization/
multiple catheter tip dragging along the vessel wall and
idewire, especially in areas of embolic potential.tion S
core.
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September 2011804 Riga et alto produce embolic particles that may manifest as neuro-
logic deficits.28-30 There is considerable evidence, both
experimental and clinical with transcranial Doppler (TCD)
and diffusion-weighted magnetic resonance imaging (DW-
MRI), that microembolization during CAS takes place
throughout all stages of the procedure.14-16,31,32 Stroke
resulting from cannulation of the great vessels during CAS
cannot be prevented by current protection systems. In an
analysis of 627 protected CAS procedures, Verzini et al17
documented 10 major strokes and one cardiac death, and
four major strokes occurred during the cannulation phase
Fig 5. Bar chart shows the median individual arch vessel
catheters, in the type I (first two bars from left to right) and
represent the interquartile ranges (Wilcoxon signed rank
Fig 6. Bar chart shows the median number of cathete
conventional (Conv) vs robotic (Rob) catheters, in the typ
from left to right) arches. The error bars represent the intinvolving the arch vessel origin or the CCA. Accurate tavigation through the aortic arch and stability of the wires
nd catheters during the procedure is therefore of vital
mportance to reduce cerebral embolization.
Robotic endovascular catheters have been used success-
ully for cardiac mapping and ablation procedures33,34 and
or target vessel cannulation in fenestrated stent grafting in
itro,19 with evidence that the accuracy of catheter posi-
ioning is significantly improved. This technologic adva-
ce may provide a useful adjunct to overcome some of the
hallenges of complex endovascular interventions in the
rch. We investigated whether this technology can enhance
ulation times with conventional (Conv) vs robotic (Rob)
III (last two bars from left to right) arches. The error bars
.
ements during individual arch vessel cannulation with
rst two bars from left to right) and type III (last two bars
artile ranges (Wilcoxon signed rank test).cann
typer mov
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Volume 54, Number 3 Riga et al 805vessels in complex arch anatomy and improve positional
precision and stability while potentially reducing operator
learning curves.
Complex anatomy. Severe atherosclerosis of the aor-
tic arch, tortuosity, and extreme angulation of the proximal
great vessels (type III arch) may prohibit straightforward
catheterization, compromising catheter stability and the
safety of the procedure, as highlighted in the Delphi Con-
sensus statement.18 A very acute angle of the origin of the
CCA off the aortic arch may result in unsuccessful vascular
access, technical errors, and overall technical failure. Vascu-
lar access may be even more challenging with bovine arch
variants, potentially exposing the patient to longer catheter
Fig 7. Bar chart shows median number of catheter tip
(Conv) vs robotic catheters in the type I (first two bars fr
arches, at the aortic arch, and the common carotid origin
(Wilcoxon signed rank test).
Fig 8. Radiographic images demonstrate stiff guidewir
artery in the type I arch with conventional and robotic te
the catheter tip at (A) 4 cm, (B) 2 cm, and (C) 0 cm fromanipulation and therefore a potentially higher risk of smbolization. The association between aortic arch anoma-
ies and procedural risk has been explored in 214 consecu-
ive patients; technical failure was higher and neurologic
omplications occurred more frequently in the arch anom-
ly group (20% vs 5.3%, P  .039). The type of aortic arch
as the only variable independently associated with neuro-
ogic complications (odds ratio, 2.01; P  .026).35 In our
tudy, robotic cannulation of the CCAs was significantly
aster and more accurate than standard cannulation using
onventional endovascular catheters. More importantly,
he greatest differences were observed in the most challeng-
ng type III arch and bovine configurations compared with
he less angulated/tortuous vessels in the models used,
hits during arch vessel cannulation with conventional
ft to right) and type III (last two bars from left to right)
ctively. The error bars represent the interquartile ranges
hanges during cannulation of the left common carotid
ues. Exchanges took place at three distinct points, with
e carotid artery ostium.wall
om le
, respee exc
chniquch as the subclavian arteries. We believe that these find-
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September 2011806 Riga et alings may reflect the improved maneuverability, torquabil-
ity, and stability of the robotic device.
Technologic limitations of current techniques. The
risk of embolization is thought to be proportional to the
number of endovascular manipulations in the aortic arch
and supra-aortic vessels. Apart from complex anatomic
factors, excessive instrumentation in the arch can also be
due to suboptimal catheter selection or functionality.36
Conventional double-curve catheters pose an even greater
risk of vessel wall trauma and embolization because they
can be challenging to shape and rotate in the presence of a
tortuous aortic arch or an unfavorable supra-aortic take-
off.37 A general guideline to minimize excessive manipula-
tion is the “3 to 15” rule: avoid using more than three
catheters or spending more than 15 minutes in each can-
Fig 9. Data demonstrate loss of carotid vessel access d
in Fig 8.
Table. Correlations between quantitative (IC3ST) and
qualitative metrics
IC3ST score Correlations
Time
(min) Movements
Wall
hits
Type I arch
Conventional r 0.67 0.57 0.75
P 0.01 0.02 0.01
Robotic r 0.49 0.17 0.59
P 0.04 0.52 0.01
Type III arch
Conventional r 0.63 0.48 0.85
P 0.01 0.04 0.01
Robotic r 0.50 0.13 0.49
P 0.04 0.63 0.04
IC3ST, Imperial College Complex Endovascular Cannulation Scoring Tool.nulation attempt.38 A common strategy used by many interventionalists, especially in tortuous and angulated
rches, involves advancing a curved endovascular catheter
n the ascending aorta first, before withdrawing the catheter
long the outer wall of the aortic arch, until it engages the
arget vessel origin. This technique inevitably increases the
isk of emboligenic sequelae, especially in atherosclerotic
rches.
A robotic catheter system allows the operator to shape
he catheter tip and follow the curve of the selected vessel or
rajectory path with greater precision and accuracy, avoid-
stiff guidewire exchanges at individual points shown
ig 10. Bar chart shows operator performance by Imperial Col-
ege Complex Endovascular Cannulation Scoring Tool (IC3ST)
cores in the type I arch in low-volume, medium-volume, and
igh-volume intervention operators using conventional and ro-
otic techniques (P  .05). The error bars show the interquartile
ange.uringng the need for the technique described above or repeated
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Volume 54, Number 3 Riga et al 807manipulations near the CCA origin while allowing for
centerline navigation with minimal contact with the vessel
wall. Furthermore, during robotic cannulations, we ob-
served that the configuration of the robotic catheter re-
mained unchanged on release of the 3D joystick, offering
an additional functional advantage in positional control and
stability.
The use of a guiding catheter or a long sheath is a
prerequisite in CAS. The inability to position a guiding
catheter or a sheath near the carotid bifurcation is one of
the main reasons for CAS failure. Up to 26% of CAS
procedures require advanced technical skill and a modifica-
tion in the standard technique for successful outcomes.39
Exchanging a diagnostic catheter over a stiff guidewire in a
telescoping fashion is the standard maneuver to position
the guide catheter in the CCA. For tortuous vessels, the
wire is positioned very distally in the external carotid artery
(ECA) to allow a stable exchange. This technique may not
be sufficient for a very acute angle of the CCA off the aortic
arch, and even when a 5F diagnostic catheter has been
placed in the ECA, the introduction of a stiffer exchange
guidewire usually pulls the catheter out of the vessel, with
the entire system herniating back into the arch. The robotic
catheter system is effectively a steerable sheath supporting a
more flexible inner guide. Consequently, the catheter re-
sists the tendency to herniate back into the aortic arch as
wires and other endovascular tools are being advanced
through it, as shown in our study.
In contrast, conventional catheters need to be posi-
tioned at least 2 cm into the target vessel to avoid catheter
deflection and subsequent loss of access. The robotic cath-
eter may therefore act as a stable platform for the introduc-
tion of endovascular tools, even in the presence of hostile or
challenging arch anatomy, while minimizing repeated ma-
nipulations and multiple cannulation attempts.
Operator experience. With the introduction of CAS,
a broad variety of “carotid interventionalists” have
Fig 11. Bar chart shows operator performance by Imperial Col-
lege Complex Endovascular Cannulation Scoring Tool (IC3ST)
scores in the type III arch between low-volume, medium-volume,
and high-volume intervention operators using conventional and
robotic techniques (P .05). The error bars show the interquartile
range.emerged. The Society for Vascular Surgery has published turrent minimal catheter and guidewire skills performance
f interventional procedures40 but has not as yet defined
he minimal requirements necessary for the performance of
AS, not only for advanced technical skills but also clinical
udgment in patient selection and timing of the interven-
ion. The choice of technique, in particular, is largely
perator-dependent, and a number of clinical reports have
ighlighted the importance of the operator’s experience as
crucial factor in its clinical success.4,41,42 A periprocedural
troke/death rate of 5.9% is seen at centers with 50
nterventions, whereas the stroke/death rate is significantly
ower (3.0%) at centers with150 patients.4 Verzini et al22
bserved a significant learning curve in their experience:
rom a 30-day major stroke-death rate of 3.1% during their
nitial 195 protected CAS procedures to 0.9% for 432
rocedures over a 5-year period, along with reductions in
rocedure times and contrast volume used.22 This learning
urve effect has also been demonstrated by other centers42
s well as RCTs, such as the Endarterectomy Versus Angio-
lasty in Patients With Symptomatic Severe Carotid Steno-
is (EVA-3S) trial, where the unacceptably high 30-day
troke-death rate of 9.6% may have been because as few as
ve CAS procedures was the prerequisite for the partici-
ants.11
In our study, despite minimal exposure of the operators
o robotic endovascular technology and short training
imes, we observed a global improvement in quantitative
etrics (times, movements, and wall hits) and overall per-
ormance scores using the IC3ST scale with the robotic
ystem irrespective of the operators’ endovascular experi-
nce, even in the more technically challenging tortuous
ortic arch and bovine anatomy. Subgroup analysis revealed
hat groups A and B, with less experience, obtained scores
t the high-end of the IC3ST scale, demonstrating the same
igh-standard performance as highly experienced interven-
ionalists (group C). This may have important implications
n training and learning curves for complex endovascular
rocedures in the clinical setting. The improvement in the
igh-volume intervention group (group C) was not statis-
ically significant. These operators obtained high perfor-
ance scores irrespective of the cannulation method used
ut completed the task faster and with significantly fewer
ovements and wall hits.
Our findings highlight ease of use and the intuitive
ature of this robotic technology. The scores obtained by
xperienced operators in our study reflect years of experi-
nce in using conventional endovascular catheters vs a short
ntroductory session to the robotic system. These opera-
ors, therefore, may attain even higher scores and improve
heir performance even further with subsequent training.
One of the most obvious advantages of remote-
ontrolled robotic technology is the negligible fluoroscopic
perator exposure because the robotic workstation is lo-
ated away from the radiation source. Although not directly
epresented in this study, radiation exposure for the patient
ay also be reduced from faster cannulation, secure vessel
ccess, and therefore, overall reduction in fluoroscopic
imes.
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September 2011808 Riga et alLimitations. Much larger sheath size requirements
for the common femoral artery and alterations in the anat-
omy of the bifurcation are some of the disadvantages of
using a coaxial system. Careless advancement of the sheath
can also result in vessel dissection. The current size of the
robotic catheter that requires access via a 14F sheath would
not be suitable for a brachial approach, and the 11F inner
guide is still too large to allow confident advancement into
the CCA in a clinical setting. The ability, however, to place
the robotic tip in a stable position just at the origin of the
CCA is an obvious advantage. The current robotic device
was manufactured for use in the heart via a transvenous
approach. Further development of this robotic technology
and a lower-profile device is certainly mandated for optimal
use in advanced carotid and arch vessel interventions.
Other factors such as set-up times, overall cost, and
system maintenance must also be considered. No advan-
tage was seen during simple tasks such as cannulation of the
subclavian arteries; therefore, routine use of the system for
a straightforward intervention would not be cost-effective.
Finally, the use of in vitro phantoms limits the study
because these experimental models do not reflect all of the
challenges of catheter navigation in atherosclerotic aortic
arches and the carotid bifurcation within a clinical setting.
In addition, the metrics used in this study are surrogate
markers of embolization risk and technical performance
and are not a substitute to clinical end points; however,
they do provide us with a reliable estimate of technical skill
in catheter and wire manipulations.
CONCLUSION
Cerebral embolic events and the risk of stroke consti-
tute the most challenging problem in advanced endovascu-
lar interventions in the arch, and the predisposing factors
have been discussed in this report. Our results demon-
strated that robotic technology has the potential to reduce
the time, risk of embolization, radiation exposure, and the
manual skill required for carotid and arch vessel cannula-
tion while improving overall operator performance scores
with short learning curves. With advances in technology
and imaging and the availability of dedicated equipment,
better understanding of patient selection and timing of
intervention current results are likely to be enhanced. Fur-
ther studies using this intuitive technology in the clinical
environment are essential for evaluating its long-term safety
and efficacy.
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